PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 
A61B 6AM), A61N 1/00 



Al 



(11) International Publication Number: 
(43) International Publication Date: 



WO 97/13458 

17 April 1997 (17.04.97) 



(21) International Application Number: PCT/US96716217 

(22) International Filing Date: 10 October 1996 (10.10.96) 



(30) Priority Data: 

60/005,289 
08/633,367 



12 October 1995 (12.10.95) US 
16 April 1996(16.04.96) US 



(71) Applicant: THE GENERAL HOSPITAL CORPORATION 
[US/US]; 55 Fruit Street, Boston, MA 02114 (US). 

! (72) Inventor: ANDERSON, Richard, Rox; 399 Marrett Road 
Lexington, MA 02 1 73 (US). 

(74) Agent: CLARK, Paul, T.; Fish & Richardson P.C., 225 Franklin 
Street, Boston, MA 021 10-2804 (US). 



(81) Designated States: AL, AM, AT, AU, A2, BB, BG, BR, BY 
CA, CH, CN, CU, CZ, DE, DK, EE, ES. FI, GB, GE, HU,' 
IL, IS, JP, KE, KG, KP, KR, KZ, LK, LR, LS, LT, LU, 
LV, MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO 
RU, SD, SE, SG, SI, SK, TJ, TM, TR, TT, UA, UG, Uz! 
VN, ARIPO patent (KE, LS, MW, SD, SZ, UG), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ. TM), European 
patent (AT, BE, CH, DE, DK, ES, FI, FR, GB, GR, IE, IT, 
LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, 
CM, GA, GN, ML, MR, NE, SN, TD, TG). 



Published 

With international search report 



O 



-O- 



(54) Title: RADIATION-DELIVERY DEVICE 




CO 

<D 



(57) Abstract 

I first extS^ toS M^i*? V^n matefi l! (I4) ' 35 tiSSUC in 3 paticnt - is described - ™ c mcthod features * C step of 
fern XS, f?l2 T»i «^?«LnJlf to ? n - F0, v Win8 £* exp0Sing Step> 0,6 radiation is or scattered) 

cm rnnSl , «"«""««« radiation is then collected and imaged back onto the tissue (14) using an external inadiating device 

j. _ _ mining, jot example a nemispherically shaped reflective housine (13). The housing contains a mfWriv* mariner fW\ hi^a^ ^ m 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AM 


Armenia 


GB 


United Kingdom 


MW 


Malawi 


AT 


Austria 


GE 


Georgia 


MX 


Mexico 


AU 


Australia 


GN 


Guinea 


NE 


Niger 


BB 


Barbados 


GR 


Greece 


NL 


Netherlands 


BE 


Belgium 


HI) 


Hungary 


NO 


Norway 


BF 


Burkina Faso 


IE 


Ireland 


NZ 


New Zealand 


BG 


Bulgaria 


IT 


Italy 


PL 


Poland 


BJ 


Benin 


JP 


Japan 


PT 


Portugal 


BR 


Brazil 


KE 


Kenya 


RO 


Romania 


BY 


Belarus 


KG 


Kyrgyttan 


RU 


Russian Federation 


CA 


Canada 


KP 


Democratic People** Republic 


SD 


Sudan 


CF 


Central African Republic 




of Korea 


SE 


Sweden 


CG 


Congo 


KR 


Republic of Korea 


SG 


Singapore 


CH 


Switzerland 


KZ 


Kazakhstan 


SI 


Slovenia 


CI 


Cote d'lvoire 


U 


Liechtenstein 


SK 


Slovakia 


CM 


Cameroon 


LK 


Sri Lanka 


SN 


Senega) 


CN 


China 


LR 


Liberia 


sz 


Swaziland 


CS 


Czechoslovakia 


LT 


Lithuania 


TD 


Chad 


cz 


Czech Republic 


LU 


Luxembourg 


TC 


Togo 


DE 


Germany 


LV 


Latvia 


TJ 


Tajikistan 


DK 


Denmark 


MC 


Monaco 


TT 


Trinidad and Tobago 




Estonia 


MB 


Republic of Moldova 


UA 


Ukraine 


ES 


Spain 


MG 


Madagascar 


UG 


Uganda 


FI 


Finland 


ML 


Mali 


US 


United States of America 


FR 


France 


MN 


Mongolia 


uz 


Uzbekistan 


GA 


Gabon 


MR 


Mauritania 


VN 


Viet Nam 



WO 97/13458 PCT/US96/16217 



RADIATION-DELIVERY DEVICE 
Background 

This invention relates to radiation-delivery 
5 devices. 

Radiation sources, such as lasers, are used in a 
variety of medical applications because of their ability 
to generate precise, self -cauterizing incisions and 
locally heat tissue without contacting the patient. In 
10 particular, laser light is used in a variety of 

derma tological therapies, such as to remove tatoos, port- 
wine stains, and unwanted hair. In these applications, 
radiation is typically delivered through a fiber optic 
system to a lens, which subsequently images the radiation 
15 onto the region of interest. The radiation is absorbed 
by a portion of the skin or hair (e.g., the melanin or 
blood vessels) , resulting in optical absorption and 
localized heating. 

In nearly all laser-based surgical procedures, it 
20 is desirable to maximize the amount of radiation 
delivered to the tissue, and minimize the amount of 
radiation which is re-emitted (e.g., reflected or back- 
scattered) from the tissue. This is particularly 
difficult to achieve during derma to logical procedures, as 
25 the turbid optical quality of the skin tends to scatter 
incident light in all directions. In addition, 
reflection due to differences in the refractive indices 
of the skin (n = 1.5) and the air (n = 1.0) leads to 
further losses. To compensate for radiation lost through 
30 these processes, the operator is forced to increase the 
output power of the light source. This often decreases 
the accuracy of the procedure, or may, in fact, be 
impossible if the light source is operating at its 
maximum power output. 
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Several references teach optical systems which 
manipulate laser beams to generate more desirable light 
fields for medical therapies. in U.S. Patent 5,309,339, 
for example, Webb describes an optical concentrator for' 
5 manipulating the cross-sectional area and reducing 

speckle of an incident laser beam. In Webb's device, a 
spherical or hemispherical mirror is used to return laser 
light scattered from a diffusely reflective surface back 
onto the point of incidence. Lenses are then used to 
10 produce an output beam by collecting light from the point 
of incidence. 

Bummary 

In general, in one aspect, the invention provides 
a method for irradiating a material. The method includes 

15 the step of first exposing the material with radiation 
(e.g., optical radiation). Following the exposing step, 
radiation is partially re-emitted (e.g., scattered, 
reflected, or both scattered and reflected) from the 
material. The material is then re-exposed with the re- 

20 emitted radiation. Preferably, the material is a 

patient's tissue. By "tissue" is meant any collection of 
cells or any specific organ in the patient (e.g. , human 
skin) . 

The method of the invention is carried out with an 
25 irradiating device configured receive radiation from a 
radiation delivery means. The radiation delivery means 
delivers radiation from a radiation source to the 
material, and is preferably connected to a reflective 
housing. The housing includes an opening or surface for 
30 placement over the material and a reflective component 
proximal to the opening or surface. Most preferably, the 
radiation delivery means is a fiber optic waveguide or an 
articulated arm, and the radiation source is a laser. 
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In preferred embodiments, the re-emitted radiation 
is received and reflected by a reflective device to re- 
expose the material. For example, the reflective device 
can be a reflective housing positioned proximal to the 
5 material prior to the exposing step. Preferably, the 
reflective housing is substantially hemispherical in 
shape, and the material is positioned substantially near 
the center of the hemisphere. Alternatively, the 
reflective housing is substantially elliptical in shape, 

10 and the material is positioned substantially near a focus 
of the ellipse. The reflective housing may also be 
substantially spherical in shape, with the opening 
disposed on a surface of the sphere. In still other 
embodiments, the reflective housing is substantially 

15 cone-shaped and includes an opening at the base of the 
cone. During operation, the material is positioned near 
this opening. 

The method of the invention can also be carried 
out with an irradiating device which includes an 

20 optically transparent plate featuring a reflective 

coating on one of its surfaces. The reflective coating 
is disposed on the plate to transmit normally incident 
radiation (i.e., radiation angled at between about 80° 
and 100° relative to the surface of the reflective 

25 coating) , receive radiation re-emitted from the material, 
and reflect any re-emitted radiation back onto the 
material. Preferably, the reflective coating contains a 
dielectric material or multiple layers of dielectric 
materials which exhibit angularly dependent reflective 

30 properties. 

Here, by "substantially hemispherical", 
"substantially elliptical", or "substantially spherical" 
is meant a reflective housing which is shaped, 
respectively, in the form of a hemisphere, ellipse, or 

35 sphere so that it reflects incident light to a well- 
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defined area. Preferably, this area is not more that a 
few millimeters in radius. "Substantially cone-shaped" 
means at least a portion of the housing is conically 
shaped. By "center of the hemisphere" is meant the 
5 geometrical center of the sphere composed of two 
identical hemispheres. By "substantially near the 
center" or "substantially near the focus" is meant a 
position within a few millimeters of , respectively, the 
actual center or focus. "Substantially transparent" and 
10 substantially reflects" means that, respectively, at 
least 80% of the radiation is either transmitted or 
reflected. 

The reflective housing preferably includes a 
reflective coating for reflecting the re-emitted 

15 radiation. The coating, for example, may be a reflective 
film, such as a metallic or dielectric film. The 
dielectric film may be reflective in only a portion of 
the electromagnetic spectrum, thereby allowing direct 
visualization of the material through the film. 

20 In other preferred embodiments, the reflective 

housing features an array of grooves configured to 
reflect the re-emitted radiation. These grooves have 
reflective properties similar to those of corner cubes, 
retroref lectors, or similar optical components which 

25 reflect radiation by internal reflection. Other 

reflecting materials, such as white paint or reflecting 
tapes, may be used to reflect radiation within the 
housing. In these embodiments, the reflective housing 
may take on any shape. For example, in addition to the 

30 embodiments described above, the housing may be formed in 
the shape of a cylindrical tube, with the reflective 
material disposed on portions of the tube's inner 
surface. In this case, the opening for irradiating the 
tissue is positioned on one of the flat surfaces of the 

35 tube. 
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In preferred embodiments , the irradiation device 
is used during a medical therapy to irradiate a patient's 
tissue. In this case, the device is used in combination 
with standard medical procedures normally employed when 
5 radiation is delivered to tissue. Preferably, the 

radiation used in the therapy is optical radiation, and 
the therapy is used to treat human skin. Examples of 
such therapies include optical removal of tatoos, port- 
wine stains, abnormal blood vessels, psoriatic skin, 

10 unwanted hair, pigmented lesions, skin cancers and other 
lesions treated by laser surgery, phototherapy, 
photochemotherapy or photodynamic therapy. 

The invention has a number of advantages. In 
particular, it increases the efficiency of a laser-based 

15 surgical procedure by treating the tissue of interest 

with radiation which is normally not utilized. Scattered 
or reflected light, lost during conventional procedures, 
is effectively "recycled" and used to re-expose and treat 
the tissue. In this way, optical fluences can be kept 

20 relatively low during treatment, thereby enhancing the 
accuracy and flexibility of the therapy. 

The invention provides a gain of optical energy 
available to the tissue by a factor of up to (1-R)* 1 , 
where R is the wavelength-dependent fraction of incident 

25 light re-emitted from the tissue. For example, when R is 
0.7 (a typical value for red light re-emitted from fair 
skin) the energy available to the skin using the 
irradiation device may be as large as three times that 
available without the device. 

30 In addition to increasing the amount of radiation 

available for therapy, the invention can also effectively 
increase the exposure spot diameter of the radiation. In 
many applications in which the "target" for therapy is 
deep within the skin (e.g., during the removal of 
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tattoos, port-wine stains, or hair), such a larger 
exposure spot diameter is advantageous. 

Moreover, by collecting and then re-exposing the 
tissue of interest with the re-emitted radiation, the 
5 invention generates a more spatially uniform field during 
therapy* This gives the operator more control over the 
amount of heat delivered to the tissue, and thus improves 
the accuracy of the therapy. 

The invention also increases the safety of laser- 

10 based therapies. Light reflected or scattered from the 
tissue, as well as ablated tissue which can be hazardous 
to the operators, is contained within a well-defined area 
by the irradiating device. Moreover, the device can be 
made small and compact, and can be used interchangeably 

15 with conventional laser-based surgical instruments. The 
device can additionally be fabricated with relatively 
inexpensive, disposable materials; a new, sterilized 
device can therefore be used for each procedure. 

These and other advantages will be apparent from 

20 the following detailed description, and from the claims. 

Brief Description of the Drawings 

Fig. 1 is a top view of an irradiating device of 
the invention being used to irradiate a patient's skin; 

Fig. 2 is a cross-sectional side view of an 
25 irradiating device in contact with the patient's skin; 

Figs. 3A-3C are, respectively, cross-sectional 
side views of the irradiating device during initial 
irradiation of the skin, after radiation is initially re- 
emitted from the skin surface, and after the re-emitted 
30 radiation is reflected off the reflective housing and 
back towards the skin surface ; 

Figs. 4A and 4B are cut-away cross-sectional side 
views of, respectively, a reflective housing including a 
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radiation-reflecting coating, and a reflective housing 
including an array of retro-reflecting grooves; 

Fig. 5 is a cross-sectional side view of an 
irradiating device including a reflective housing 
5 featuring a hemispherical top portion and a tapered 
bottom portion; 

Fig. 6 is a cross-sectional side view of an 
irradiating device containing a reflective housing 
featuring two hemispherical top portions and a straight 
10 bottom portion; 

Fig. 7 is a cross-sectional side view of an 
irradiating device containing an elliptical reflective 
housing; 

Fig. 8 is a cross-sectional side view of an 
15 irradiating device including a cone-shaped reflective 
housing; and, 

Fig. 9 is a side view of a irradiating device 
featuring a flat, optically transparent plate coated with 
a reflecting dielectric film. 

20 Detailed Description 

Device Structure 

Referring first to Fig* 1, an irradiating device 
10 delivers radiation during a therapy to an area of a 
patient's tissue 14. The device 10 is configured so that 

25 radiation which is normally re-emitted from the tissue 
after irradiation (and is thus wasted during the therapy) 
can be collected and imaged back onto the originally 
irradiated area. 

The device includes a fiber optic waveguide 12 

30 coupled to a laser or other radiation source (not shown 
in the figure). A distal end 20 of the fiber optic 
waveguide is housed in a delivery handpiece 18 and an 
input port 16 so that radiation from the fiber can be 
delivered to the device 10. The input port 16 is 
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connected to a hemispherically shaped reflective housing 
13 which surrounds the tissue to be irradiated and is 
configured to reflect radiation* During operation, 
radiation is delivered from the fiber optic waveguide 12 
5 to the tissue* Portions of the delivered radiation are 
either absorbed by the tissue, leading to radiation- 
induced heating, or are re-emitted from the irradiated 
area. The re-emitted radiation propagates away from the 
tissue, and is collected by the hemispherically shaped 

10 reflective housing 13. A template 22 connected to the 
housing 13 is used to position the device on the 
patient's tissue and facilitate alignment of the 
radiation* The template is especially useful for 
aligning radiation onto tissue containing rough or curved 

15 surfaces, such as the skin. The reflective housing 13 
includes a transparent porthole 24 for viewing the 
irradiated region. 

Figs. 2, 4A and 4B show cross-sectional views of 
the irradiation device 10 and the reflective housing 13. 

20 The delivery handpiece 18 and input port 16 connected to 
the housing each enclose portions of the fiber optic 
waveguide 12, The distal end 11 of the waveguide 12 
extends into the device and is surrounded by the 
hemispherically shaped reflective housing 13. The 

25 housing 13 is connected to the template 22 which, in 
turn, is placed in contact with a patient's tissue 14. 
The template 22 includes an opening 21 positioned above a 
portion 17 of the tissue and in the center of the 
hemispherical reflective housing. The opening 21 and 

30 distal end 11 of the waveguide are aligned so that, 
during therapy, radiation from the waveguide passes 
through the template and onto the tissue. 

The reflective housing includes a reflective 
coating 30 on its inner surface so that during therapy 

35 radiation scattered or reflected from the tissue is 



WO 97/13458 



PCT/US96/16217 



- 9 _ 

collected and imaged back onto the originally irradiated 
portion of tissue. The reflective coating 30 can be any 
reflective material and can be made using any of a number 
of techniques known in the art. For example, the coating 
5 may be deposited as a thin reflective film on the inner 
surface of a transparent substrate 32. The coating may 
also be deposited on the substrate's outer surface. 

In particular embodiments, the coating may be a 
thin metallic film composed of materials such as 

10 aluminum, silver, or gold. The reflective properties of 
these materials are dependent on the material composition 
and the film thickness, and are well known in the optical 
arts. Dielectric films may also serve as reflective 
coatings. These materials have particularly desirable 

15 reflectivities at visible and infrared wavelengths, and 
can be used to coat the inner or outer surfaces of the 
substrate material 32. Dielectric coatings have the 
additional advantage that they can be made transparent to 
visible wavelengths or radiation at certain angles of 

20 incidence; thus, when used with transparent substrates, 
these materials allow the operator to directly view the 
procedure without the need for a porthole. 

The reflective housing is preferably shaped so 
that re-emitted radiation is collected and imaged onto a 

25 region contained in the originally irradiated area. In 
this way, the spatial extent of the irradiated area is 
not significantly increased by the reflective process, 
and thus the accuracy of the procedure is maintained. 
This is particularly important during therapies requiring 

30 small radiation spot sizes, such as during the treatment 
of small vascularized regions in human skin. As 
described above, the housing preferably has a 
hemispherical shape, and the irradiated region is located 
as close as possible to the center of the hemisphere. In 

35 this configuration, the re-emitted radiation incident on 
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the tissue is evenly distributed, and "hot spots" in the 
irradiated area are avoided. 

In the embodiment shown in Fig. 4A, the reflective 
housing is hemispherical, and radiation (indicated by the 
5 arrow 33) incident on the coating 30 is reflected back 
towards the tissue (arrow 34) with a slight angular 
deviation. This angle is such that the re-exposed region 
of tissue lies substantially within the originally 
exposed area. When the coating 30 is deposited on the 

10 outer surface 35 of the substrate 32, radiation reflected 
back towards the tissue propagates through the substrate 
twice before re-exposing the tissue. 

Referring now to Fig. 4B, the housing can also be 
made reflective by cutting right-angle grooves 36 into 

15 the transparent substrate 32. In this case, each groove 
36 has two orthogonal reflective faces 35a, 35b and 
serves as an individual "corner cube" or "retroref lector" 
for reflecting the incident radiation. Preferably, an 
array of concentric grooves, each positioned at different 

20 cross-sectional slices of the hemisphere, are cut into 
the substrate. Other patterns of grooves may also be 
used. Preferably, in order to maximize the reflectance 
of the housing, the grooves are spaced together as 
closely as possible. For total internal reflection to 

25 occur at the air/ substrate interface 38 of each groove, 
the substrate must be composed of a material having the 
appropriate refractive index. Typically, optically 
transparent materials, such as glasses or plastics having 
refractive indices greater than 1.4, are suitable. In 

30 the reflective housing 13 shown in Fig. 4B, incident 

radiation (indicated by the arrow 40) re-emitted from the 
tissue is reflected back towards its point of origin. 
The reflected radiation (arrow 42) is displaced by an 
amount equal to the propagation distance between the two 

35 orthogonal faces 35a, 35b of the groove. In this way, 
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the irradiated area of tissue is kept small. Moreover, 
in the embodiment shown in Fig. 4B, the radiation is 
reflected by the grooves directly back towards its point 
of origin regardless of the shape of the reflective 
5 housing. Thus, irradiation devices employing reflecting 
grooves have the additional advantage that they can be 
formed into arbitrary shapes. This is particularly 
desirable for irradiating devices configured to irradiate 
hard-to-reach areas of tissue. 

10 Preferably, in the embodiments described above, 

the substrate is composed of a material which is 
transparent to the incident radiation. For example, for 
visible radiation, the substrate can be composed of 
transparent glasses, plastics, or other suitable 

15 materials known in the art. In particular, plastic 

materials are desirable, as they can be manufactured in 
high quantities for relatively low costs. Such materials 
are formed using techniques well-known in the art, such 
as injection molding or machining. Irradiation devices, 

20 and particularly those made from plastic materials, can 
be sterilized and are disposable. 

In addition to the reflective surfaces shown in 
Figs. 4A and 4B, other reflective coatings and devices 
known in the art can be used with the irradiation 

25 device's reflective housing. For example, the substrate 
can be substantially composed of a reflecting material, 
thereby obviating the need for inner or outer surface 
coatings. In particular embodiments, the substrate can 
be composed of a diffusely reflecting white plastic, 

30 frosted glass, or a related material. These materials 
have lower reflectivities than metallic or dielectric- 
coated materials, and function essentially as optical 
"integrating spheres." Materials of this type have the 
advantage of irradiating an area with a particularly 
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uniform field after reflecting the re-emitted radiation. 

In other embodiments, the reflecting housing may 
be covered on its inner or outer surface with reflecting 
tape, paint, or any other material which can be used to 
5 reflect radiation, and particularly optical radiation. 
Preferably, the reflecting material reflects at least 80% 
and most preferably, at least 90% of the remitted 
radiation. Since the most preferred applications involve 
the use of optical radiation, the coating preferably 

10 exhibits the above-mentioned reflectivities for 

wavelengths in the range of 200 ran to 5 microns. In 
particularly preferred embodiments, the reflective 
housing is configured to reflect optical wavelengths 
which are typically used in dermatological applications, 

15 i.e., 500 - 1100 run. 

In still other embodiments, the template connected 
to the housing can be replaced with a plate which is 
transparent to the incident radiation. Like the 
template, the transparent plate is used to position the 

20 device on the patient's tissue and facilitate alignment 
of the radiation. The plate is particularly effective in 
aligning radiation onto tissue containing rough or curved 
surfaces, such as the skin. 

Figs. 3A-3C illustrate in more detail the 

25 propagation characteristics of the radiation during a 
typical therapy. After being delivered from the fiber 
optic waveguide 12, incident radiation 19 enters the 
irradiation device, propagates through the opening 21 in 
the template 22, and irradiates the portion 17 of the 

30 patient's tissue 14. While some of the radiation is 
absorbed, refractive index differences between the 
surrounding air (n = 1) and the tissue (typically n = 
1.5) cause a substantial fraction 19' of the incident 
radiation to be reflected. For example, for both black 
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and white human skin, between 4% and 7% of optical 
radiation from 250 and 3 000 ran is reflected off the 
stratum corneum (i.e., the skin's upper layer). This 
same air/ skin interface also scatters incident radiation 
5 away from the skin's outer surface. Optical scattering 
within the skin, such as scattering from collagens in the 
dermis, cells in the epidermis, and other skin 
structures, additionally directs radiation away from the 
originally irradiated area. 

10 Radiation propagating away from the tissue surface 

is collected by the reflective housing 13. Reflection 
off the housing redirects the re-emitted radiation 19" 
back towards the tissue surface, where it irradiates the 
same or nearby region within the originally irradiated 

15 area. Here, radiation is again partially absorbed and 
partially re-emitted. Although a single reflection is 
indicated in the figures, radiation may undergo multiple 
reflections in the housing before being reflected back 
towards the originally irradiated area. As described 

20 above, to keep the irradiated area at a minimum, the 

reflective housing preferably has a hemispherical shape, 
with the irradiated region positioned at the hemisphere's 
center. 

In theory, this iterative process of exposing and 
25 re-exposing the tissue is repeated until all the 

radiation propagating in the irradiation device 10 is 
absorbed. In practice, however, losses due primarily to 
the reflectivity of the reflective housing and the fact 
that some components in the irradiation device (e.g., the 
30 fiber optic waveguide and the porthole) are non- 
reflective result in finite increases (i.e., gain) in the 
amount of delivered radiation. Typically, the gain due 
to the irradiation device represents between about 25% 
and 300% of the amount of radiation orginally delivered 
35 to the tissue. This gain will depend on the wavelength, 
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tissue properties, device reflectance, device size, and 
device shape. 

The actual gain in the radiation energy is 
determined by comparing the method according to the 
5 invention to conventional means for delivering radiation 
to tissues. In procedures where the irradiating device 
is not used, the energy E 0 of the radiation available for 
treatment is: 

*o s incident (1) 

where R 8 is a coefficient indicative of the amount of 
10 radiation re-emitted from the tissue and E incident is the 
energy of the incident radiation. R B is wavelength- 
dependent and has a value which is less than one: a low 
value of R B means that the majority of incident radiation 
is absorbed by the tissue, while a high value indicates a 
15 large amount of radiation re-emission. Thus, if R 8 = .3, 
then E 0 - 0.7 E incident , meaning that 70% of the incident 
light is absorbed by the tissue during treatment. 

The radiation energy E available for therapy when 
the irradiation device is employed can be expressed 
20 mathematically as: 

E = E 0 ll + R.R n + (RJl n ) 2 + (RM* ♦ ...] = rz p° p r (2) 

where R 8 and E 0 are the quantities expressed above and 
is the collective reflectance of the reflective housing. 
Like R B , R m is wavelength-dependent and has a value less 
than one. By comparing equations 1 and 2, the gain due 
25 to the irradiation device is expressed as: 

ffai " - TITO (3) 



Thus, using the device of the invention, the amount of 
radiation available for therapy increases as the 
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collective reflectance of the reflective housing 
increases. Most preferably, therefore, this reflectance 
is made as high as possible. 

Table 1, shown below, lists the increases in 
5 available optical radiation as a function of the 

radiation wavelength and the tissue remittance for human 
skin. In all cases, is 0.9 and R 8 is the reflectance 
value of the skin at the optical wavelength. Increases 
in optical energy are calculated relative to conventional 
10 therapies performed without the irradiating device. 
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From Table 1, it is evident that the gain of the 
radiation increases with the product. This product 

can be increased by choosing an irradiating wavelength 
which is re-emitted strongly by the tissue or, as 
5 described above, by maximizing the reflectance of the 
reflective housing for the irradiating wavelength. 

As is evident from the Table, optical radiation 
near 700 nm is subjected to a gain of approximately 170% 
when used in combination with the irradiating device. 

10 This wavelength is easily obtainable using conventional 
light sources (e.g., ruby, dye, diode and Tirsapphire 
lasers) . Thus, when used with these light sources, the 
irradiating device effectively triples the effective 
amount of radiation available for therapy. Optical 

15 radiation at 1064 nm (a wavelength generated using 
conventional Nd : YAG lasers) is also subject to a high 
gain (117% increase) when used in combination with the 
irradiation device. 

During therapy, the distribution of radiation 

20 reflected from the irradiated area of tissue towards the 
reflective housing is typically diffuse. This is 
particularly true for skin, which is an isotropic medium 
functioning essentially as a Lambert ian reflector. In 
this case, the intensity of re-emitted light varies as 

25 cos(e), where e is the angle relative to the normal 

vector of the skin surface. However, the amount of light 
collected by a hemispherical reflector .varies as sin(e) . 
Therefore, the contribution of a hemispherical reflector 
is most pronounced at e = 45°, i.e., the angle where the 

30 product sin (e) cos (e) is maximized. This means that 
although a large fraction of radiation is gathered at 
angles of between about 0° and 60° from the beam path of 
the incident radiation, the most significant region of 
reflected radiation typically occurs at 45° from the 

35 angle of incidence. The amount of radiation reflected at 
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90° from the angle of incidence is typically negligible. 
Thus, it is particularly important for the reflective 
housing to have adequate reflective properties in the 
regions where the reflected radiation is concentrated 
5 (i.e., around 45° from the angle of incidence and 

preferably the region of 0-60°) • Coatings in the regions 
of low radiation concentrations (e.g. , 90°) are less 
important . 

Fig. 5 shows an another embodiment of the 

10 invention in which the reflective housing 112 of the 

irradiation device 100 is designed to capture and reflect 
the re-emitted light over the important region of 
approximately e = 0° - 60°. The reflective housing 
includes a hemispherical ly shaped upper portion 102 and a 

15 conical lower portion 104 connected directly to a 

template 106. The template can be reduced in size or 
removed. In this configuration, the device, with its 
tapered lower portion occupying a relatively small area, 
is particularly effective in delivering radiation to 

20 hard-to-reach places. 

The irradiated area 103 of tissue 105 is 
positioned substantially at the center of the upper 
portion 102 of the reflective housing 112. Preferably, 
the upper portion 102 extends at an angle of at least 60° 

25 from the angle of incidence of the input radiation. In 
this configuration, the reflective housing only contains 
reflective portions in regions where the contribution 
from re-emitted radiation intensity is high; no 
reflecting portion is present in the regions where the 

30 reflected radiation intensity is low, i.e., from about an 
angle of 60° to 90° from the angle of incidence. Note 
that the small amount of light which is re-emitted at 
these angles will be reflected by the lower portion 104 
of the housing towards the upper portion 102, where it 
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will then be reflected back towards the original area of 
irradiation. 

The delivery handpiece 108 and input port 110 for 
this device are the same as those described for the 
5 embodiment of Fig. 1. Similarly, the reflective and 
substrate materials in this embodiment are the same as 
those described above. The figure shows a reflective 
coating 114 deposited on the inner surface of a substrate 
115, Other types of reflective housings, such as those 
10 containing grooves, may also be used with the irradiation 
device . 

Still other embodiments of the invention are shown 
in Figs. 6-9. In Fig. 6, an irradiating device 120 
features a reflective housing 121 including first 131 and 

15 second 122 hemispherical portions and first 127 and 

second 124 tapered portions. The reflective housing 121 
is in contact with a template 126 and is configured to 
deliver re-emitted radiation to an area 128 of tissue 
130. Each portion of the housing is coated with a 

20 reflective film 125 as in previous embodiments. As 

indicated by the arrows 119 and 123, re-emitted radiation 
is reflected by the coating back towards the originally 
irradiated region so that the amount of radiation 
delivered to the area 128 is increased. In this case, 

25 the first and second hemispherical portions have 
different diameters; the irradiated area 128 is 
positioned at the coincident centers of the two 
hemispheres. Separating the housing into first and 
second hemispherical portions results in a smaller amount 

30 of the re-emitted optical intensity irradiating the non- 
reflective region containing the fiber optic waveguide 
132 and the input port 134. This is because re-emitted 
radiation spatially diverges after the incident beam 
irradiates the tissue, and thus the spatial concentration 
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of radiation decreases as a function of distance from the 
irradiated region 128. 

Fig. 7 shows another embodiment of the invention 
in which the irradiating device 130 includes a reflective 
5 housing 132 shaped as an ellipse. An area 136 of tissue 
138 is irradiated with an incident beam delivered by the 
fiber optic waveguide 140. The elliptical housing is 
positioned with respect to a template 134 so that one of 
its foci is coincident with the irradiated area 136. In 

10 this way, as indicated by the arrow 133, re-emitted 

radiation is returned to the originally irradiated area 
after being reflected multiple tiroes by the housing. 

In the embodiments shown in Figs. 6 and 7, the 
template connected to the housing can be replaced with a 

15 plate which is transparent to the incident radiation. 
Like the template, the transparent plate is used to 
position the device on the patient's tissue and 
facilitate alignment of the radiation. The plate is 
particularly effective in aligning radiation onto tissue 

20 containing rough or curved surfaces, such as the skin. 
Fig. 8 shows a cross-sectional view of an 
irradiating device 148 where an optical fiber 150 
delivering optical radiation (indicated by the arrow 152) 
attaches directly to a cone-shaped, diffusely reflective 

25 housing 154. The housing 154 includes an upper opening 
156 which houses the fiber, and a lower opening 158 
placed in direct contact with a patient's tissue 160 
(e.g., the skin). The housing 154 is preferably 
constructed entirely of a diffusely reflecting material, 

30 such as a white plastic, to form a highly reflecting 

cavity. Alternatively, the housing may be formed from a 
plastic, metal, glass material coated on its inner 
surface with a diffusely reflecting coating (e.g., a 
white paint or roughened metallic coating) . 
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During operation, radiation emitted from the fiber 
150 spatially diverges (typically at an angle of about 
30° , as indicated by the dashed lines 162) until it 
impinges the tissue 160 and is absorbed. The height of 
5 the cone thus determines the radiation spot size on the 
tissue, as the radiation's divergence and area increase 
with cone height. Typically the cone height is chosen to 
be about 1.5 cm. As described above, a portion of the 
radiation impinging the tissue is randomly re-emitted and 

10 propagates back towards the housing 154. There, the 
radiation is either reflected back onto the tissue or 
onto another portion of the housing. These processes 
increase the gain, or total amount of radiation which is 
absorbed by the tissue. In theory, the reflection 

15 process continues until all the incident light is either 
absorbed by the tissue or is sent back through the fiber 
150. It is therefore desirable to increase the ratio 
between the areas of the lower 158 and upper 156 
openings, as this will increase the actual amount of 

20 light redirected towards the tissue. 

Fig. 9 shows another irradiating device 168 of the 
invention where the reflective housing consists of a 
optically transparent plate 170 coated on its upper 
surface with a dielectric coating 172. The plate 170, in 

25 turn, directly contacts the patient's tissue 160. As is 
well known in the art, the reflectivity of a dielectric 
coating depends on the angle and wavelength of the 
incident optical beam, and can maximized or minimized by 
varying the thickness and refractive index (i.e., the 

30 material composition) of the coating's dielectric layers 
170a, 170b. The 'bandwidth' of the coating, i.e., the 
range of wavelengths or incident angles which are 
transmitted or reflected, depends on the refractive index 
and number of the layers. 
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For optimum performance , the device 168 preferably 
includes a narrow-band , high-efficiency coating which 
transmits normally incident radiation (indicated by the 
arrow 174) and radiation which deviates from normal by 
5 less than about 15 °. After this radiation impinges the 
tissue 160 , re-emitted radiation impinging the coating's 
bottom surface at angles greater than about 15 p 
(indicated by the arrows 175) , is reflected back towards 
the tissue by the coating to increase the gain. As is 

10 described above, re-emitted radiation typically leaves 
the tissue at an angle of about 45°. This process of 
reflecting re-emitted radiation continues until all the 
radiation is either absorbed by the tissue or is 
transmitted through the coating. 

15 Other embodiments of the irradiating device of 

Fig. 9 are also possible. For example , the dielectric 
coating can be on the bottom surface of the glass plate. 
The plate can also be attached directly to a faceplate or 
handpiece for ease of use. 

20 Therapies and Oth er Applications 

The irradiation device can be used in combination 
with any known radiation-based therapy to increase the 
gain of the radiation. Examples of such therapies 
include optical removal of tatoos, port-wine stains, 

25 abnormal blood vessels, psoriatic skin, unwanted hair, 
pigmented lesions, skin cancers and other lesions treated 
by laser surgery, phototherapy, photochemotherapy or 
photodynamic therapy. Additional radiation-based 
therapies, particularly those used in dermatology, are 

30 described in Honigsmann et al., Dermatology in General 
Medicines, 3rd edition, T.B. Fitzpatrick et al. (eds.) 
1728-1754 (1987) , the contents of which are incorporated 
herein by reference. 

During therapy, the opening of the template or the 

35 transparent plate is placed over the area to be 
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irradiated. The therapy is then conducted according to 
standard procedures used in the optical and medical arts. 

Because the effective amount of radiation which 
exposes the skin is increased using the irradiation 
5 device, it may be necessary to decrease the amount of 
radiation used during therapy. Typically, the fluence of 
v the radiation is between about 0.1 and 100 W/cm 2 . The 

spatial intensity profile of the radiation can be 
adjusted to vary the amount at radiation-induced heat 
10 delivered to the region of interest. Radiation spot 
diameters of between 10 microns and 1 cm are typically 
used. 

A laser is the preferred light source for optical 
radiation. The laser is chosen according to the desired 

15 optical wavelength. Preferred lasers include ion, dye, 
solid-state (e.g., Nd : YAG , Nd: YLF, TirSapphire) holmium, 
C0 2 , metal-vapor, excimer, and diode lasers. Other light 
sources, such as fluorescent bulbs, may also be used. 
The light source may be continuous -wave or pulsed. 

20 The irradiation device can also be used in non- 

medical applications to increase the gain of the incident 
radiation. For example, the device can be used with a 
laser to cut or process materials. The device may also 
be used to drive photochemical reactions in certain 

25 materials, such as light-sensitive films. 

Still other embodiments are within the scope of 
the following claims. 
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CLAIMS: 

1. A method for irradiating a material , said 
method comprising: 

exposing said material with radiation, the 
radiation, following said exposing, being partially re- 
5 emitted from the material, and 

re-exposing the material with the re-emitted 
radiation. 



2. The method of claim 1, wherein the re-emitted 
radiation is reflected, scattered, or reflected and 

10 scattered from the material. 

3. The method of claim 1, wherein the re-emitted 
radiation is reflected by a reflective device to re- 
expose the material. 

4. The method of claim 3, wherein the reflective 
15 device is a reflective housing positioned proximal to the 

material. 

5. The method of claim 4, wherein the reflective 
housing is comprised by an irradiating device placed 
proximal to the material prior to said exposing. 

20 6. The method of claim 4, wherein the reflective 

housing is substantially hemispherical in shape, and the 
material is positioned substantially near the center of 
the hemisphere. 

7. The method of claim 4, wherein the reflective 
25 housing is substantially elliptical in shape, and the 
material is positioned substantially near a focus of the 
ellipse. 
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8. The method of claim 4, wherein the reflective 
housing is substantially cone-shaped and comprises a 
bottom opening, and the material is positioned near the 
bottom opening. 

5 9. The method of claim 4, wherein the reflective 

housing is an optically transparent plate comprising a 
reflective coating which is substantially transparent to 
normally incident radiation and substantially reflects 
radiation incident at an angle, and the material is 
10 positioned in contact with a surface of the transparent 
plate. 

10. The method of claim 4, wherein the reflective 
housing comprises a reflective coating for reflecting the 
re-emitted radiation. 

15 11* The method of claim 4, wherein said 

reflective housing comprises an array of grooves 
configured to reflect the re-emitted radiation. 

12. The method of claim l, wherein the radiation 
is optical radiation. 

20 13. An irradiating device for delivering 

radiation to a material, comprising 

a reflective housing configured to receive 
radiation from a radiation delivery means, said housing 
comprising an opening or surface for placement over a 

25 material and a reflective component proximal to said 

opening or surface, said reflective housing being shaped 
to receive radiation re-emitted from the material and 
reflect the re-emitted radiation back onto the material. 
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14* The irradiating device of claim 13, wherein 
said reflective component is a reflective film. 

15. The irradiating device of claim 14, wherein 
said reflective film comprises a metallic or dielectric 

5 material. 

16. The irradiating device of claim 13, wherein 
said reflective component is an array of grooves formed 
in said reflective housing. 

17. The irradiating device of claim 13, wherein 
10 said reflective housing is substantially hemispherical in 

shape and said opening is positioned at a center of the 
hemisphere. 

18. The irradiating device of claim 13, wherein 
said reflective housing is substantially elliptical in 

15 shape and said opening is positioned at a foci of the 
ellipse. 

19. The irradiating device of claim 13, wherein 
said reflective housing is substantially spherical in 
shape and said opening is disposed on a surface of the 

20 sphere. 

20. The irradiating device of claim 13, wherein 
said reflective housing is substantially conical in shape 
and said opening is positioned at a base of the cone. 

21. The irradiating device of claim 13, wherein 
25 said radiation delivery means is a fiber optic waveguide 

or an articulated arm. 
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22. The irradiating device of claim 15, wherein 
said radiation source is a laser* 

23. An irradiating device for delivering 
radiation to a material , comprising 

5 an optically transparent plate comprising a 

reflective coating on a surface, said reflective coating 
being disposed on the plate to transmit normally incident 
radiation from a radiation delivery means, receive 
radiation re-emitted from a material, and reflect re- 
10 emitted radiation incident on the coating at an angle 
back onto the material. 

24. The irradiating device of claim 23, wherein 
the reflective coating comprises a dielectric material. 



25. The irradiating device of claim 24, wherein 
15 the reflective coating comprises multiple layers of 
dielectric materials. 
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